sets (genes and potential splice variants) present on our array at the time this article was formulated. The GO is designed to emphasize the transfer of gene/protein function information among organisms, and it serves well as a foundation for unifying the growing amount of expression information related to aging in a variety of model systems [8] . Data involving the ontologies and age-and diet-dependent expression profiles, as well as software for browsing the data, are available from the corresponding author.
Results and Discussion

Age-and Diet-Dependent Changes in Expression Are Prevalent and Complex
Transcript representation of a high percentage of the fly genome changed significantly with age. Despite requiring strict statistical correction for multiple testing, we identified 1264 probe sets (9% of all probe sets) representing 1203 genes (some genes were represented by 2 or more different probe sets) with age-related changes in either or both of the control and CR cohorts (Figure 2 ; top). Under this strict criterion, 885 and 827 probe sets exhibited age-dependent profiles in the control and CR treatments, respectively, and 448 probe sets were common to both (additional probe sets with changes in both treatments are seen when the criterion is relaxed). A total of 1782 age-dependent changes are significant at a level that allows for a single false positive, and if the statistical stringency is relaxed further for comparison to published results, the number rises to roughly 3200 (nearly 23% of the available probe sets). These findings contrast with previous genome analyses of aging in the fly [9] and mouse [7, 10], which both found age-related changes in roughly 2% of the genes examined, and in rhesus monkeys [11] , where roughly 6% of the available genes were up-or downregulated with age. Part of this discrepancy likely results from 176 genes exhibited expression trajectories that were highly correlated with mortality rates (Figures 2I and 2J) . Many genes showed age-dependent expression trajectation using the annotation project directed by the Gene tories whose rate of change were reduced by CR and Ontology (GO) Consortium (http://www.gene-ontology.
changed at a rate roughly proportional to the physiologiorg). Three separate ontologies, comprising biological cal age of the cohorts (Figure 2; bottom) . A small number process, molecular function, and cellular component, of genes, however, exhibited trajectories that were predefine a set of well-defined terms and relationships dominantly determined by chronological time and showed through which we interpreted the role of a particular similar rates of change in both treatments. The transcript gene, gene product, or gene-product group. Although levels of these genes may be useful for markers of chrorapidly evolving, the three ontologies contained informanological age, a phenotypic surrogate of which has not been discovered in flies ( Figure 2N) [12]. tion on approximately 53% (7,389/14,028) of the probe Although many of the age-dependent profiles were up-or downregulated in the CR treatment. Transcript representation of these genes responded immediately nonlinear, a large subset of changes could be described as tending to increase or decrease with age. In this subset, (within 3 days) to low-calorie medium, and the difference persisted throughout the life span. The average magnimost age-dependent changes are less than 4-fold, although several (18 in CR and 42 in the control) exhibit tude of these changes was much smaller than those observed as a function of age, with no significant age-dependent changes greater than 16 We identified another 2188 probe sets representing suggested that CR extends life span by ameliorating many of the normal transcriptional changes that occur 2079 genes that did not change with age but were either Gene ontology (GO) numbers and short descriptions are provided for groups that show significant overrepresentation (bold) or underrepresentation (italics) in the 1264 probe sets representing the 1203 signature genes. Data comprise the number of probe sets in each category present on the entire chip; the number present in the set of signature genes; and the number of signature genes in that category that are strongly down-or upregulated with age in both experimental treatments. Percentages of total are in parentheses. A double asterisk indicates a highly significant association between the functional group and age-dependent changes (i.e., p Ͻ 1.9 ϫ 10 Ϫ5 , Bonferonni correction). A single asterisk indicates a significant association between the functional group and age-dependent transcriptional changes (p Ͻ 3.7 ϫ 10 Ϫ4 , a level giving one false positive).
with age. Using the expression profiles of the 1203 genes expressed as a fraction of mean life span) than they were among flies of similar chronological age or similar that changed expression significantly with age in one or the other treatment, we constructed a hierarchical environmental conditions ( Figure 6A ). The expression levels of these genes were strongly indicative of the clustering with respect to age and treatment. Despite a nearly 2-fold increase in average life expectancy in the physiological age of the cohort, and therefore the majority of these genes carried signatures of senescence in CR conditions, transcript levels were more similar among relatively young or old flies (i.e., when age is their age-dependent patterns of transcript representa- tion. That not all genes carried such signatures is evident age and deterioration. Nearly 86% (6/7) of the probe sets involved in chorion formation (GO:0005213) were when the clustering involves the 2079 genes that were significantly up-or downregulated in CR conditions but found to change with age, and of those that changed with age, 5/6 declined in both treatments. None were did not change with age ( Figure 6B ) or when all genes are considered (data not shown). In the former, expression seen to increase with age. This clearly reflects reproductive senescence in females. Three of the chorion protein patterns were characteristic of dietary conditions, while the entire structure of the tree is unstable and variable genes (CP18, CP36, and CP38) declined more slowly in CR females, while CP16 and CP19 exhibited similar dyacross algorithms when all genes are included. namics in both treatments. A large group of enzyme inhibitors, primarily serine protease inhibitors (GO:0004867), Genes with Age-Dependent Transcription The sheer number of potentially important age-dependent were found to increase in transcript representation with age. Of those in the signature class, 85% were found to changes means that generating an efficient and detailed description of the changes on a gene-by-gene basis is increase significantly in both control and CR treatments. The functions of cytochrome P450s and antibacterial extremely difficult, if not impossible. The prevalence of transcriptional modifications, however, allows a classifipeptides are associated with the aging process, as a significant number of these genes increase transcript cation of the changes into reasonably sized groups, which are based on the biological relationships among representation with age. Surprisingly, several transcription factors, especially verified RNA polymerase II tranthe genes and their products. Comparing the distribution of age-and diet-dependent changes across those scription factors (GO:0003702), were significantly underrepresented in the signature class, which strongly groups to the distribution across the genome as a whole allows the identification of significant patterns in a statissuggests that the transcriptional representation of these genes does not change with age and is actively maintically rigorous way (see the Experimental Procedures). Once these patterns are identified, closer examination tained at fixed levels throughout life. Although the biological process ontology is less well of potentially interesting genes becomes feasible.
Using the Gene Ontology, we identified several molecdeveloped and contains fewer annotated genes, there are several striking patterns that emerge from our analyular functions significantly overrepresented in the set of 1264 signature probe sets that were identified as changing sis (Table 2) . First, nearly all forms of stress response (GO:0006950), including response to pathogens (primarwith age in either the control or calorically restricted treatments (Table 1) online). The most significant is the overrepresentation of genes whose product is localized to the mitochondrion, especially those found on the inner membrane and involved in electron transport (GO:0005746). This highly represented group, which includes several ubiquinolcytochrome-c reductases, shows strong declines in expression with age; as do genes whose products localize to the nucleolus (GO:0005730).
Genes with Diet-Dependent Transcription
A total of 2188 probe sets exhibit significant up-or down- There are also significant nonrandom associations be- Table S1 do not change with age but show significant up-or downregulation in the caloric restriction environment. Although the number of genes upregulated under caloric restriction is roughly equivalent to the number that are downregulated, the distribution of those changes is very different. Downregulation is primarily directed to groups of genes involved in similar biological processes (Table 3) . Upregulation, however, is much less focused, with a small number of genes involved in response to external stimulus showing significant diet-mediated expression. This observation implies that the large numbers of upregulated genes are essentially randomly distributed with respect to function. Because, under the Affymetrix protocol, expression measures are proportional to the total mRNA pool, these results are consistent with a cellular response to a low-calorie environment that primary involves massive downregulation of a large number of genes related to cell growth and main- the response to caloric restriction, and it suggests sev-
